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. : DEFINITIONS
o IDA publishes the following documents fo report the resuits of its work.
\ Reports
o Reports are the most authoritative and most carsfully considersd products IDA publishes.
r- They normaily smbody resuits of major projects which (a) have a direct bearing on decisions
"~ aftecting major programs, or (b) address issues of significant concern to the Executive
' '_: Branch, the Congress and/or the public, or (c) address issues that have significant economic
: . Iimplications. IDA Reports are reviswed by outside paneis of experts to ensure their high

quality and relevance to the problems studied, and they are relsased by the President of (DA.

Papers

Papers normaily address reiatively restricted technical or policy issues. They communicate
the results of special anatyses, interim reports or phases of a task, ad hoc or quick reaction
work. Papers are reviswsed to ensure that they meet standards similar o those expected of
referesd papers in professional journals.
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Memorandum Reports

IDA Memorandum Reports are used lor the convenience of the sponsors or the analysts to
racord substantive work done in quick reaction studies and major interactive technical support
activities; to make availlable preliminary and tentative resuits of analyses or of working
group and pane! activities; to forward Information that is essentiaily unanalyzed and uneval-
usted; or to make a record of conferences, meetings, or brisfings, or of data deveioped in
the courss of an investigation. Review of Mamorandum Reports is suited to their content
and intended uss.

( The results of IDA work are aiso conveyed by briefings and informal memoranda to sponsors
and others designated by the sponsors, when appropriate.

TR

The work reported in this document was conducted under contract MDA 903 34 C 0031 for
the Department of Datense. The pubiication of this IDA document does not indicate endorse-
ment by the Department of Defense, nor should the contents be construed as reflecting the
official position of that agency.
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- of thoroughness, objectivity, and sound analytical methodology and that the conciusions
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FOREWORD

This paper serves to document work performed partially under task assignment
A-107, sponsored by the Defense Advanced Research Projects Agency, Office of Directed
Energy. This paper does not constitute a majority portion of the total work performed and
reported in that task assignment. It describes three open literature works concerned with
non-radiative energy transfer between codoped donors and acceptors in solid-state laser
materials, an area of interest to controlling thermal gradients, achieving new laser
frequencies and improving laser efficiency.
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PREFACE

Non-radiative energy transfer between donors and acceptors in codoped solid state
laser materials is of interest in the development of medium to high average power solid state
lasers and is also of fundamental interest in understanding the lifetimes of fluorescent
emissions. We have previously reported (IDA P-1970 mid-task report) a detailed treatment
of non-radiative energy transfer in extending the uniform Foerster-Dexter model. This is a
key step towards the simulation of energy transfer in a realistic model -- both for
applications in multiple codoped systems of interest in new laser frequencies and of interest
in designing crystals to counter thermal gradients. In addition we have applied these ideas
in a number of presentations and open literature documents presented to the scientific
community. This report provides for a collection of those presentations.

In particular, this collection addresses the extention of the Foerster-Dexter model
for correlated donor-acceptor placement in solid state materials, non-radiative transfer
between correlated donor-acceptor pairs in solid state laser materials and finally, energy
transfer between defects and rare-earth ions in garnet crystals.

Prior to the completion of the task assignment my colleague, Dr. Stan Rotman, has
moved to Ben-Gurion University in Israel, where he is pursuing these ideas in the
experimental growth of certain crystals. This work should serve as good tests of some of
the work described in this paper. In addition, plans are underway to develop a crystal
model incorporating non-uniform donor-acceptor placements as the next step towards
understanding the engineering implications in crystal design.

Technical review of this report has been accomplished by Dr. William Hong of the
IDA staff.

F.X. Hartmann
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ABSTRACT

We develop an analytical model describing energy transfer between microscopically
correlated donor-acceptor pairs in solid state laser materials. We re-examine experimental
data for several laser systems; host properties promoting enhanced non-radiative energy
transfer are discussed. The results of this more general model are compared to the standard
Foerster-Dexter approach of randomly placed donors and acceptors. This work is of
interest to controlling thermal gradients, achieving new laser frequencies and improving
laser efficiency.
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I. AN EXTENDED FOERSTER-DEXTER MODEL FOR
CORRELATED DONOR-ACCEPTOR PLACEMENT IN SOLID-
STATE MATERIALS

A. INTRODUCTION

This paper was presented by Rotman and Hartmann at the Joint 1986 Optical
Society of America Annual Meeting (19-24 October 1986) and 1986 American Physical
Society and Optical Society of America International Laser Science Conference (20-24
October 1986) held in Seattle, Washington. The abstract appears in the September 1986
issue of Optics News. The summary appears in the Bulletin of the American Physical
Society. The final paper was reviewed and published in the book Advances in Laser
Science: Proceedings of the International Laser Science Conference ILS-II. The
presentation was given orally in the session on Novel Solid-State Lasers, W. Krupke,
Presiding.

Note: Further details on the mathematical steps reported in this document are
contained in the reviewed classified mid-task report P-1970 which is not available to the
open literature. Explicit derivations are thus currently being prepared for open publication.
Fits to data reported here are best fits to the data and we have not yet obtained the
correlation parameters discussed herein from a microscopic theory. We do, however,
explain qualitative insights from these parameters.

B. ABSTRACT

A model of non-radiative energy transfer including locally correlated donor-acceptor
placement is compared to the standard Foerster-Dexter approach of randomly placed donors
and acceptors.

C. SUMMARY

In models of non-radiative energy transfer applied to doped solid-state laser
materials, the distance between excited donors and neighboring acceptors critically affects
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the calculated energy transfer rates. In the generally successful formulation of non-
® radiative transfer theory,! the donors and acceptors are taken to be distributed evenly
throughout the crystal and are independent (uncorrelated) in position. We derive a general
expression to treat donor-acceptor transfer rates for locally correlated donor-acceptor
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placement. Several specific cases appropriate to actual laser materials are: (1) an

© "excluded” volume around a donor diminished in acceptor concentration and (2) an
"enhanced" volume around a donor in which acceptors preferentially locate. Physical
effects which can lead to such microscopic distributions are discussed.
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¢ ID.L. Dexter, J. Chem. Phys. 21 (5), 836 (1953) and M. Inokuti and F. Hirayama, J. Chem. Phys. 43 (6),

1978 (1965).
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! E AN EXTENDED FOERSTER-DEXTER MODEL FOR CORRELATED
"" @ DONOR-ACCEPTOR PLACEMENT IN SOLID STATE MATERIALS
ﬂ S.R. Rotman and F.X. Hartmann
- Institute for Defense Analyses
™ : 1801 N. Beauregard Street
% @ Alexandria, Virginia 22311
e ABSTRACT
X
» ) The current theory of donor-acceptor interactions in solid-state materials is based on
! a random distribution of donors and acceptors through the crystal. In this paper, we
b present a model to calculate the observable wansfer rates for the correlated positioning of
_:_' donors and acceptors in laser materials. Chemical effects leading to such correlations are
rAl discussed.
= INTRODUCTION
(I
. A good phosphor or laser candidate ion, in a particular lattice, must be able to
h* absorb the pumping light efficiently as well as emit at the desired wavelengths. Recently,
' based on a theory originated by Foerster! and Dexter,2 and further developed by Inokuti, et
A al., 3 there has been an increasing desire to separate the absorption and emission processes
N to different ions, rather than attempt to identify one single dopant which can both absorb
k. and emit. The advantage of such an approach is that a good donor (which absorbs the
E external radiation flux) can be paired with a good acceptor (the emitting lasing ion). An
¢ efficient transfer of energy between the two ions (donor to acceptor) is necessary in this
‘ ': scheme.
In models of non-radiative transfer applied to doped solid-state laser materials, the
i distance between excited donors and neighboring acceptors critically affects the calculated
¢ energy transfer rates. In the generally successful formulation of non-radiative transfer
: theory, the donors and acceptors are taken to be randomly distributed and are independent
‘ (uncorrelated) in position.%5 For real crystals this is not necessarily the case, and actual
' : . non-radiative transfer rates may deviate from the simple Foerster-Dexter description.
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In this paper we present a more general expression to treat donor-acceptor transfer

rates. In comparing our results to the Foerster-Dexter theory, we consider two specific
cases appropriate to actual laser materials: (1) an "excluded” volume around a donor
diminished in acceptor concentration and (2) an "enhanced" volume around a donor in
which acceptors preferentially locate. These are simpler cases of our general result and the
details are to published elsewhere.

ENERGY TRANSFER THEORY

For radiationless electromagnetic interactions, the strength of the non-radiative
transfer rate is proportional to rS where r is the radial distance between the donor and the
acceptor and s takes on specific integer values. In particular, s = 6 for a dipole-dipole
interaction, s = 8 for a dipole-quadrupole interaction, s = 10 for a quadrupole-quadrupole
interaction, etc. Energy transfer between uniformly distributed ions was examined by
Inokuti et.al.3 They show that the time-dependent excited donor concentration Np(t) is

Np @ =Np (0) exp [/t - T (1-3/s) c/c, (/7)) (1)

where c is the acceptor doping concentration, I' is the gamma function, ¢ is the critical
concentration of acceptors, and T, is the natural decay rate of the donor. The critical
concentration Cg is that concentration at which the energy transfer rate an.l the natural donor
decay rate are equal for the average donor-acceptor distance ro. For the dipole-dipole
interaction (s = 6) the decay rate contains an exponential t!/2 factor.

Locally correlated donor decay rates are found by starting with eq. (2):

N
Np (T) =N, (0) exp (-t/z ) limit {j exp [ n(r) u () dv} ()
N Vv

Ao

Vo




where the number of acceptors N4 and the volume V extend to infinity such that the
concentration Na/V remains finite. Here n(r) is the radially dependent transfer rate. For

( R the "excluded volume" case where there are no acceptors within a volume Vj (of radius r;),
N the distribution function u(r) is depicted in Fig. 1a. Solving for Np(t) we obtain
3
K-~ -
C Np, (t)=Np, (0) exp {-t/7_ - CV; [1 - ® (Z,)/exp (Z)]) (3)
":
f where
’: 6
i Z,=@,/r)° W) @)
y . and ®(1,1 - 3/s; Z) is the degenerate hypergeometric function (written as ©(Z;) for the case
¢ v s = 6).
A3
’3, For the case of dipole-dipole interactions, as rj goes to zero Z; goes to infinity. For
~ large Z;, the ratio @(Z;) exp (-Z;) approaches \j nZ;. In this case, eq. (3) reduces to eq. (1)
. o for s = 6 (since I'(1/2) = \/;) As physically required, the Foerster-Dexter solution is
‘2 obtained in the small rj limit. Specifically, the correlation effects appear as a deviation from
QS Gaussian behavior of the term-by-term ratio of the series expansion of ©(Z;) to exp(Z;).
: One possible distribution for an enhanced placement of acceptors near donors is
Ad shown in Fig. 1b. The solution for Np(t) is now:
(L
) 12
; N () =N, ©)exp [1_- AV = (1Y (5)
; D D o C. 't
o 0
.- .- -(B-A)dD (Zi)/exp (Zi)
: -(1-B) @ (Zp)fexp (Zpy)]
. L
’ From the results it can be shown that for a generalized distribution u(r) in eq. (2), the donor
' decay is:
'
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Np =Ny O exp L, [SGE VO oman @

In Fig. 2 we show the corresponding donor and acceptor decays obtained by both
the excluded-volume and enhanced volume models.

CHEMISTRY OF CORRELATED PLACEMENT

The natural correlation of donors and acceptors may occur due to the chemistry of
the codoped ions--both electronic structure and ionic size play a role. Such correlation
would be especially useful in crystals in which deliberate macroscopic or microscopic non-
uniform doping would help control thermal gradients or facilitate the usage of larger

crystals.

Size mismatch between dopants and sites leads to local correlations. A dramatic
example of this effect has been noted in Eu:Mn:RbMgF3. Shinn, et al.6 find 95 percent of
the Eu*2 paired with Mn2+ ions.

Aliovalent doping also provides a promising approach to new laser materials. If
one codopes both with ions which are effectively negative and ions which are effectively
positive relative to the sites they enter, charge neutrality is maintained; moreover, the
coulombic attraction will cause the ions to attract each other. For example, codoping Ni+2
and Zr*4 into trivalent - cation sites leads to Zr-Ni pairs which tend to be correlated and can
affect the type of lattice site occupied, i.e. Ni*2 goes partially into tetrahedral sites in YAG
only when codoped with zirconium.”

CONCLUSIONS

A model for analyzing Foerster-Dexter non-radiative transfer under the conditions
of correlated donor acceptor placement has been analyzed. Chemical effects leading to such
correlation has been discussed.
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E. PRESENTATION
. The presentation associated with the preceding written work is reproduced here for

convenience.
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ENERGY TRANSFER
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UNCORRELATED DOPANT PLACEMENT
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II. NON-RADIATIVE TRANSFER BETWEEN CORRELATED
3 DONOR-ACCEPTOR PAIRS IN SOLID STATE LASER
- MATERIALS
g
- A. INTRODUCTION
Ej This chapter summarizes the work by Rotman and Hartmann on correlated donor-
' PY acceptor materials as applied to the experimental data for real gammets. The work was
Xy presented at the Conference on Lasers' 86, November 1986 in Orlando, Florida in the
> Session on Solid State Lasers. The complete paper was reviewed and the proceedings
N published in the book Lasers ‘86 which is associated with the conference.
« Note: The ordinate in Fig. 2 on page 35 is the "intensity" and not the "log
" (intensity)" as depicted there.
" @ B. SUMMARY
- One prominent approach to increasing the efficiency of solid-state laser materials is
to codope with two types of ions: donors which absorb the pump energy and acceptors
. which emit at the lasing wavelength. In the standard approach to non-radiative transfer,
: ] both donors and acceptors are assumed to be uniformly distributed throughout the crystal.
): From analyses of recent experimental data, we suggest this is not necessarily the case in all
‘ luminescent materials--due to effects, such as size mismatch between the dopant ions and
‘_: the lattice sites, donors and acceptors attract or repel each other, producing short range
e order. We develop an analytical model to study experimental transfer-rate data for several
. potential laser systems. In particular, the failure of codoped chromium-neodyrmium YAG
; . (Y3A15012) to have significantly improved lasing efficiency relative to neodymium YAG
K. can be partially due to such an effect. Methods which result in the correlated placement of
6 donors and acceptors through coulombic attraction or size effects in hosts are discussed.
g <.
'
L 30
o«
[ ]
» 1
:.h}"_'f}.' ‘-."' 'J.\;_\:,*:,,'.:_\}-.;\;\:;\:(\:;\::'.;-.’\:;\;:'»‘:;:\‘;"" ..".';,-".".‘;::\ ::\‘;::'\" "." .._)‘ \":;::\-\'.\':'J‘x':*:'-




SN

AL

A A,
LA

¢

o6 e

FAPS S

.

S S @

K

" ENERENENES
: .

L3
-

el el e s

LS S Wy B U

C. ABSTRACT

We develop an analytical model describing energy transfer between microscopically
correlated donor-acceptor pairs in solid-state laser materials. We re-examine experimental
data for several laser systems; host lattice properties promoting enhanced non-radiative
transfer are discussed.

D. PAPER
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NON-RADIATIVE TRANSFER BETWEEN CORRELATED DONOR-ACCEPTOR
PAIRS IN SOLID-STATE LASER MATERIALS
S.R. Rotman and F.X. Hartmann
Research Staff
Institute for Defense Analyses
1801 North Beauregard Street
Alexandria, Virginia 22311

Abstract
An analytical model describing energy transfer between microscopically correlated donor-
acceptor pairs in solid-state laser materials is developed. Host lattice and dopant proper-
ties which promote enhanced non-radiative transfer rates are discussed. We compare fluores-
cent data for several garnet laser crystals to theoretical fits obtained from our model.
Methods to achieve favorable correlation are discussed.

I. Introduction

A good phosphor or laser candidate ion, 1n a particular lattice, must be able to effec-
tively absorb the pump light, as well as emit at the desired wavelengths. Recently, based
on a theory originated by Foerster! and Dexter,? crystals have been grown in which the
absorbing ion (called the donor) is different from the emitting ion (called the acceptor).
The advantage of this approach is that a good donor can be paired with a good acceptor to
improve the efficiency of the energy transfer process. The mechanism is not by radiative
energy transfer in which the first ion absorbs a photon, reemits it, and then the second
ion absorbs it. Rather, it is a non-radiative process, accomplished by the exchange of a
virtual photon. One of the most popular candidates for this type of transfer is the
chromium-neodymium combination in garnet crystals; the chromium absorbs in the visible
region of the spectrum, transfers energy to the neodymium, and then the neodymium emits as
1.06 microns. In order for this process to be efficient, the transfer of energy from Cr*
to Nd*3 must be fast compared to the natural decay rate of Nd*3.

In this paper, we consider non-radiative energy transfer between donor-acceptor ion pairs
which are positionally correlated in the crystal. A model is developed which can be used
to calculate the excited donor and acceptor populations as a function of time for various
radial distributions of the donor-acceptor distance. This new result is more general than
the Foerster-Dexter equations. A comparison with data of fluorescent emission from the
study of several garnet system' is made. Finally, methods to achieve position correlation
in solid-state laser materials are discussed.

I1. Generalized Non-Radiative Energy Transfer Theory
One assumption in the generally successful Foerster-Dexter theory, as developed by
Inokuti et al.,3 is that the distribution cf donors and acceptors in a crystal is uniform
and independent of each others' location. 1In this specific case, the time-dependent excited
donor concentration Np(t) is

s
Np=N_ () exp[-Vto T (1-38)0, WT) ] "

where ¢ is the acceptor doping concentration, I' is the gamma function, ¢o is the critical
concentration of acceptors, and 1, is the natural decay rate of the donor. The critical

concentration cg5 is that concentration at which the energy transfer rate and the natural

donor decay rate are equal for the average donor-acceptor distance r,. For dipcle-digole
interactions (s=6), the decay rates contain an exponential t factor.

In a recent paper,4 we have extended the model to include the case in which the donors
and acceptors are correlated with each other, i.e., the location of a donor in a particular
site is influenced by the presence of nearby acceptors.

The radial distribution for an ideal excluded-volume correlated placement is shown in

Fig. la. The solution for the excited-state donor concentration is:
Np = Ny exp {ve,-CV [1-0Z Vexp(Z)]} (2)
Z, = (ryrf (L) {3
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AR Here ¢ (1, 1-3/s; Z) is the degenerate hypergeometric function (written as ¢(2;) for the
? case s=6]J.
;} Figure 1b shows the distribution for the case of enhanced correlation; 2rp is the average
> distance between donors while r;, A and B are free parameters. The resulting excited-state
4 donor concentration is
>4 12
- C
N_(eN_(0)oxp[-Vt, -AVR — (1
2 p W=Ny Orexpl- v, = (=)
5 (o) (o]
s
9 -(B-A) @ (Z; Yexp(Z;)
{ L
~-{1- X 4
i (1-B) ®(Zp)exp (Zp)) @
-, It can be shown that for a generalized radial distribution u(r), the donor decay can be
) modelled by:
- du(r) ®(Z)
g N ()« N _(0)exp|[ VT4 - CVir dr) {5)
L o) =N @ exp [ V1o - | = 0 )
i I11I. Energy Transfer Rates in Garnets
K- The overriding factor affecting the chromium-neodymium transfer rates in garnets is
- the varying crystal field strength and the effect it has on the spacings of the chromium
- ixcited-state levels. A strong field splits the d lsvels of the chromium ion such that the
" 4T2 level _is cgnsiderably higher in energy than the “E leve]}. Siﬂce the ground-state is
,: A, the “E » A, transition is spin-prohibited, while the T, + "A, transition is spin-
-‘ - permitted.
" The correlation between the spacing of the 2 and 4T2 levels (8E), the crystal field
- strength (DGq/B) and the Nd-Cr transfer rate term (r, /tv,) is seen in Tables 1 and 2.
b Two explgnations have been givendfor the differences in transfer rates seen in the tables.
} Zharikov ' argues that the T, » A, transition is spin-permitted: the transfer strength for
2 electronic transitions from this excited state will be much stronger than that for the elec-
" tronic transitions involving the “E state. For garnets with relatively high crystal fields,
. such as YAG, electronic transitions involving the lower €E level predominate, and a slow
it Eate of transfer ensues. For garnets with lower crystal fields, excitations in the upper
- T, level increase (assuming a Boltzmann distribution) because the ctates are now closer in
N energy. Conseguently, there 1s an increase in the magnitude of che rate of transfer of
f: energy betweer. the chromium and the neodymium ions.
' See next page for Tables 1 and 2
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; Neodymium Chromium Nd-Cr Transfer

o Natural Decay Natural Decay Rate
‘ . (sec) (sec) {1040 emb/sec) Ref.
= YAG 250 x 1076 1.53 x 1073 9 ]
. GGG 250 x 1076 160 x 1076 110 6
g (300°k)

\ GGG 250 x 1078 1.33 x 1073 20 7

(<100° k)
&
GSGG 278 x 10~6 120 x 10-6 220 7.8

i: '(ros/fo) from Eq. 3.

: TABLE 1. Radiative and non-radiative transfer rates for several garnets
b Crystal GSGG GGG YAG

®

l 8E (em™l) 50 380 1000
) Dq/B 2.45 2.55 2.6

: TABLE 2. Values of AE and Dq/B for several garnets

A second effect of the crystal field has4been ingestigated by Struve et al.? They have
showg that spin-orbit coupling can mix the T, and “E levels. This implies that the nomi-
f ¢ Bal § level would contain portions of the Tg wavefunction. The dipole momint for the 2

£ A y
2

transition would then be influenced the degree of mixing of the "T, into the “E
state.

-

It should be noted that this explanation is different from that proposed by Zharikov.
4 Zharikov suggests that the rate of energy transfer from the chromium to the neodymium ions
¢ from a particular level is fixed; differences in transfer rates between garnets are due to
. changes in the relative population of the excited levels. Struve's explanation proposes
* that the actual strength of the transfer rate from the levels can change because of the

{ ® mixing of the states.

~ IV. Correlation Effects in Crystals

- Although differences in the Nd-Cr transfer rates in garnets can be mostly explained by

~ changes caused by the different crystal field splittings, several experimental discrepan-

“ cies from theory have been noted in these materials. 2Zharikov et al.® have analyzed the

: neodymium-chromium energy transfer rates in GSGG. They note a small discrepancy between
the experimental observation and the theoretical calculations of the Cr emission (Fig. 2);

e the transfer rate observed in the initial rising region is faster than theory predicts.

They suggested that a fit to the data can be made if one assumes that any chromium with a

> neodymium as a nearest neighbor or next-nearest neighbor will instantaneously transfer its

v energy through the exchange interaction due to the overlap of wavefunctions on the chromium

. and neodymium.

' Since there is no evidence of a role for the exchange interaction in YAG, and to improve

upon the assumption of an instantaneous exchange of energy between next-nearest neighbors,

we suggest an alternative explanation. Assuming that the strength of the interaction is

constant, but that the chromium iosns are positionally correlated with respect to the neo-

dymium ions, we can analyze the results. Figure 2 shows the fit to the excited donor ion

» concentration using the new model described in Section Il, Fig. 1lb. The parameters used for
this fit are shown in Table 3.

) Correlated Uncorrelated
J Parameters values Values
(R c/co 1.23 1.23
" l’o/[l 1.25 -
B! A/V 1.26 1
B/V .88 1

TABLE 3. Parameters for GSGG simulations based on the distribution in Fig. 1b

It should be emphasized that there is a physically reasonable understanding as to why

L ¢ nendyriur and chromiur wrald be correlated 1n GSGG. The replacement of the native con-
) ctitLents of a carnet by ne~dyridr or chromi s~ 1ons ray affect the nelahboring jonic sites
| 1t the crystal., The tata 10 Tarle 4 show that the nesgyriu~ don 1€ cronsiderably larger tha-
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the other species it replaces in the dodecahedral sites in garnets (typically yttrium or
gadolinium ions). On the other hand, no such blanket statement can be made for the chromium
ion; chromium ions are larger than aluminum ions, roughly the same size as gallium ions, and

(/) considerably smaller than scandium ions. Since it is known that chromium jons enter the
octahedral sites in these garnets, the strain in a GSGG crystal will be relieved by their
locating near each other.

Ion Size (A) Site Ref.
Y*3 1.01 Dod. 13
Nd*3 1.12 Dod. 13
P cr*3 .61 oct. 14
sc*3 .81 Oct. 15
Ga*3 .62 oct. 15
Ga*3 1.05 Dod. 13
a1+l .53 Oct. 13

TABLE 4. Sizes of trivalent ions in garnets (Oct: Octahedral site; Dod: Dodecahedral site)

The opposite effect in YAG may help explain a second experimental discrepancy. The

® transfer rate from Cr to Nd in YAG at 300° K is approximately half of that in GGG at tem-
peratures lower than 100° K, even though the natural decay rate of the chromium and neo-
dymium in both cases is roughly the same. Both YAG (due to the crystal field splitting) and
GGG (due to the low temperatures) are preferentially in the 2 electronic state. The emis-
sion spectrum of chromium and the absorption spectrum of neodymium are at approximately the
same wavelengths in both crystals. The higher temperatures would have tended to make the
YAC a better medium for energy transfer than GGG due to the presence of more phonons to
assist the indirect energy transfer.

The inefficiency of YAG may be due to a decrease in nearest-neighbor proximity for chrom-
ium and neodymium. Our calculations show that a model such as that given in Section II,
Fig. la, can explain this data. A fit to the YAG data for a transfer rate equal to that of
GGG (twice as strong as previously assumed) fits the data well if one used a model with an
excluded volume for neodymium ion around the chromium ion (Fig. 3). The values used in
these fits are shown in Table 5.
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Excluded-Volume Uncorrelated
'R Parameters Correlated Values Values
c/cq .6 .6
ro/ry .88 -

TABLE 5. Parameters for YAG simulations based on the model in Fig. la

Once again, the data in Table 4 show that an excluded vclume about the chromium ion 1s
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In summary, the measured rates of energy transfer in neodymium-chromium-doped crystals
can be affected by non-uniform distributions of acceptors and donors. We have explained
several anomalous energy transfer data in YAG and GSGG using this approach.

V. Physical Factors Affecting Correlated Placement in Crystals

In the previous sections, we have developed the model of correlated placement of donors
and acceptors in various crystals. We have examined the possibility that such correlated
pairs may exist in the neodymium-chromium-doped garnets. We must consider whether it is
possible to plan crystals with the specific intention of correlating the donor and acceptor
ions. This would be especially useful in crystals in which deliberately doping in a macro-
scopically non-uniform manner would help control thermal gradients; large crystals which
must be lightly doped to allow the radiation to penetrate throughout the bulk may also
benefit.

The first method to achieve correlation would be by utilizing the Tismatch between
dopants and sites. A favorable mismatch occurs in GSGG where the Nd*3 is bigger than the
yttrium sxte5 while the chromium is smaller than the sgandxum site. Alternatively, in YAG
both the Nd*3 and cr*3 are bigger than the Y*3 and Al*3 sites, respectively, and an unfavor-
able mismatch results. Tgen more dramatic example of thiizeffect has been noted in
Eu:Mn:RbMgF,. Shinn et al find that 95 percent of the Eu in this crystal are paired
with Mn*2 jons; they note_that the Eu*? ion (1.12R) is smalleﬁ than the Rb*l ion (1.484)
it replaces, while the Mn2* ion (0.80&) is larger than the Mg¢* ion (0.654),

While Eu:Mn:RbMgF3 is a dramatic example of a crystal with correlated donor~-acceptor
placement, the most promising application of such approaches may be in the use of aliova-
lent crystal doping to provide new laser materials. In most laser materials, one dopes a
crystal with an ion in the same valence state (isovalent) as the ion for which is substi-
tutes. In this way, charge neutrality is maintained in the crystal. However, it is known
that an ion with a different valence (aliovalent) from the ion for which it substitutes can
enter the crystals. 1In several recent papers, Rotman et al. and Schwartz et al.12 show
this to be true in YAG and GSGG, respectively. This can lead to defects in the lattice
structure, e.g., positively charged oxygen vacancies can arise to compensate for Ca*‘ in y*3
sites in YAG. However, if one codopes with an ion which is effectively negative and an ion
which is effectively positive, then charge neutrality can be malntaxned and defects are not
formed. For example, codoping into +3 cation sites with both 2r*% and Ni +2 allows these
ions to enter the crystal lattice without procucing defects. Such 2Zr-Ni pairs tend to be
correlated and may even affect the choice of lattice sites of each of the constituents. 1In
fact, Ni*? goes partially into tetrahedral sites in YAG only when codoped with zirconium.

We propose that the possibility of codoping with aliovalent ions opens several new
avenues of research for laser materials. If one could find a combination of acceptors and
donors which were aliovalent with the ions for which they substitute and which compensated
for each other, one would expect these ions to correlate their position in the crystal sim-
ply from the effects of coulombic attraction. As shown, ions which lie close together have
a much stronger interaction than those which are further apart. Such donor-acceptor com-
binations provide convenient methods to couple the absorption and emission processes of
different ions to provide a whole new range of possibilities for laser materials.

V. Conclusions
The model for non-radiative transfer has been expanded to include physically significant
non-uniform distributions of donors and acceptors. Comparison with time-dependent fluores-
cent emission data from several neodymium-~chromium-codoped garnet lasers indicates that
correlation may occur in such materials. Factors leading to enhanced correlations are size
and electronic structure effects.
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Energy Levels Of Cr+3 And Nd+3 In Garnets
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Tanabe-Sugano Diagram For Octahedral Cr+3
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ION AND SITE SIZES

"0
g ION SIZE (A) SITE
2

< Y+3 1.01 Dod

3 Nd+3 1.10 Dod
o Cr+3 .61 Oct
E: Sc+3 .81 Oct
o Ga+3 .62 Oct

& Gd+3 1.05 Dod
2 Al+3 .53 Oct

45




UWIreI™w "W I~ "W T T e

¢SLIANHVO JFLVNINNTY LON ANV
SLIANYVO NAITIVO NI HNOJ0 ATINO 1l S30d AHM -

NOILS3INO

NOILOVHILNI 3ONVHOX3 Ol

3NAd SHOHHOIIN LS3IHVIN LXIN ANV SHOSHYDIAN

1S3JHVIN HOd WNINAQOIN ANV WNINOYHD
N33IM138 SHNIODO HIASNVHL SNOINVINVLISNI -

46

AHO3HL S.AOMIHVHZ

99SY NI H3dSNVHL G3IONVHN3I



MaCdde gty e die Biy Sl 40 Ste . i Ris g ]

O K RN

)

\/

WYy
. A . gt

‘((v861) 22€ “(€) ¥T 9913 "uenp 'f "A0S ‘|e 19 AoyiieyZ "A’3)

SUOl WNIWOIYD PayIXd

Jo [an9] Iz 01 aAnejaI [9Ad] TLy, 40 uopeindod JeybiH (e

)
g
.
N

" e
o
i
-
-

o

(o &
"

T -
o]
v -
2
-
5l

-
.

0

311S NOI WNIWOYHD 5

LV DNILLINAS @1314-TVLSAHD TVHAIHVLOO %

HIMOT AS QISNVD 31vH HIISNVHL AIAOHAWI - =
S3LVH HIJSNVHL LANHVD NI SIONIHIALIA

S e .. e ® o : 2 s :



[(s861) S61 “OF g "sAyd ‘1ddy “e 1@ aanas gl

uol WNIWoIYd
ayl Jo ajels Iz ojul aels Tl jo Buydnoo nqio-uids paseasoul (q
31IS NOI WNNINOYHHO
1V DNILLITdS d13i4-1V1SAHO TVHA3IHV1O0 N
HIMOT1 A9 A3ISNVO S| 31VH HI4dSNVHL A3AOHANI - <
S3LVH HIASNVHL LINHVOD NI S3aON3H34dId
cre $ . 9 o v ht ® . 5 o -
ey THEFRREY - 'PYPYIry. CRAPPRIVOL W2 L, B Y L T Wt s s W T WA OO OO W

43

N,
98,

PSR

"G

"

Lo

ndo 0, L T, 1
|’ o R iy O bt oty

e
AP U N N OLR I M

RCLy

\ﬂ

WS
A0 LN

". "

i'\

e
* fin

W W W Wy W
i "\"

B

- b4 V \- » '
‘!\ ", AL L



“llﬁvtvt(l

HHSH NI SHIVd HOLd3DIV
-HONOQ G3LVIIHHOO OL 3NA Sl H34SNVHL A3IONVHN3

M " A ke Y e ARn Vith AR e Vb PRl CaTL Sl Rl o

LA 2% Ao Aun-ldn S o &

Bl B Y

HOSO NI H3I4SNVHL G3IONVHNAI

L 3ok adh ™y

NP W T W TN T T N AT e T T T W
P
E‘,‘
‘ .
»
)
l
,
.!
@
A/
7]
4
¢
']
\';
N ®
L
5
5
£ )
@
.
4 [
P
J
4
{ B4
o
[

49

‘RSO

Ml "
L3
-
[
o
w- A
o
r
.-
7
e
el
oA

¢
-
-

I P x

%)

2000,

I A

LY
WXyt

B




v

\1“..\.\\-..

S3lvd
H3dASNVHL ADHINI 103443 ATNOM SNOI WNINOHHD
ANV WNINAJO3IN 40 LN3N3OV1d d31v13HHOD -

S31VH H34SNVHL L13INHVO NI S3ION3H34dId

50




£6-18 "dd ‘9861 ‘(1) T g "wy 208 dO ‘P

‘le 1@ ‘AownoaIsO "H°A

« S101034Hd
AHO3HL FHL NVHL ATMOIND FHOW S3ISVIHONI SINIL LHOHS

LV JONIOSIANINNT FHL STVLSAHI LINHVYO WNITIVO FHL NI..

viva ©9S9:40:-PN

------

—
v

"y Ca O
‘ y “'\ (M l.!'t,; l.:‘

Ja

iy .M'l.o A0

o
)

Cu

o,
AT e e Ly

VI‘! 5‘ ‘,‘l" o, I"*

AN

l.:‘l.: ‘ut.n .‘ .p - . ‘?< \‘

5, 14V A
! ."l. 3



(99s vl ) InL

115 1°XA 0¢ Gl ot S 0
' | i | i | ' 1 ’ 1 ) 0
AHOIHL QILVIIHHOONN —fi}— - 150
AHOIHL A31VT1IHHOO —g— 1
viva IVINIWINIdX3 T}~ ) -4 90
. Z
m
140 3
{ 2 2
—18°0
160
(1) § .
D9SH:1D:PN HO4 SNOILYINAOd HOLdIDOV a3LIOX3 %
TVININIHIdXT ANV TVOIL3IHOJHL 40 NOSIHVdINOD W
m
o
P
U & o ® . & [ . g o ~ 5
PRAT A IITHIIY DODOET _ IR NRIEF  AARKAPIDNS RARKARN . SOUTTRREY | NI g 00 = el (MW o W (g SIS T 5 R =



OVA NI SHIVd HOLd3J0V-HONOQ
d31VI3HHOO-ILNVY Ol 3NA SI HI4SNVHL A3 LIFIHNI -

OVA NI H34dSNVHL a3lIigIHNI

53

. ta® . T A TA” A AT AT KT A A M AT
BTNy N I

€, e v LA ALY . " LEPR4
&.f“.r".r"f“‘w O IR
‘. ,

M A e
A1 L O GIe N

)

x,
5

LS




V'L'w““““l

d343dISNOD N3I3F SVYH HHSHIIPN
ANV DVA:ID:PN OL AHO3HL SIHL 40 NOILVOI1ddV JHL -

d31viNOTVvO ATIVOILATVNY N339 SVH
STVIHILVIN HISVT ILVLS AITOS NI SHOLdIIOV ANV
SHONOQ 40 LNIWIOVId Q3LVIIHHOO HO4 13AaON V -

SNOISNTONOD

S e gy e

Dt

ONaRAN e

WY AT ™
o

NSNS T

)*"‘
T A TON S

!
Nah b

l.

X

I
‘
&
X
\'

N
i
J

fl
Pl

ST S e
ARG

e L
%{'_ "_‘.»' \-’5-.--

e o™
n”’.'&
»

>
\-/'

1]

¥ T S e . _ e
FAEREAT RN IR

,‘ TR RN



III. ENERGY TRANSFER BETWEEN DEFECTS AND RARE-
EARTH IONS IN GARNET CRYSTALS

A. INTRODUCTION

The work on non-radiative wransfer between donors and acceptors was extended to
energy transfer between defects and rare-earth ions in garnet crystals. This paper makes
the proposal that energy can also be transferred directly between dopants and defects as
applied to defects in YAG. The work was presented at the XV International Quantum
Electronics Conference (IQEC '87) (26 April - 1 May 1987) in Baltimore, Maryland. The
paper was jointly written with H.L. Tuller and C. Warde from the Massachusetts Institute
of Technology. Since the presentation was made at a poster session, we produce the paper
summary here, from session THGG (No. 16).

B. PAPER SUMMARY
TTGG16 Energy Transfer Between Defects and Rare-Earth Ions in Garnet Crystals

S.R. Rotman and F.X. Hartmann
Institute for Defense Analyses
1801 N. Beauregard Street
Alexandria, VA 22311
and
H.L. Tuller and C. Warde
Massachusetts Institute of Technology
Cambridge, MA 02139

In crystalline solid-state laser materials, defects in the host lattice can act as energy
sinks, draining energy from the dopant ions which would otherwise have contributed to the
lasing transition. Conversely, in some fluorescent materials, the transfer of energy from
defects to dopants can cause an undesirable persistence of luminescence to occur.
Understanding and controlling these defects can be critical to the development of a laser or
phosphor source.
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. Defects in rare-earth-doped yttrium aluminum garnet (Y3Al50;2 or YAG) are
(t e known to affect the properties of the rare-earth luminescence driven by electron-beam
, pumping! and, to a lesser extent, flashlamp pumping.2 The current hypothesis in the
K- literature! concerning the cathodoluminescent spectrum of rare-earth-doped YAG assumes
»
- that energy is transferred between the defects and dopant ions through the initial thermal
! Py production of excited carriers, initially located at the defect, into the conduction band; their
\ T . .
subsequent deexcitation leads to excited states of the rare-earth ion.
W
d We propose that energy can also be transferred directly between the dopants and
o defects through a Foerster-Dexter nonradiative transfer mechanism. The degree of overlap
N o of the emission spectrum and the dopant's absorption spectrum determines the magnitude
\.j of the nonradiative energy transfer. In particular, the temperature dependence of the
Y cathodoluminescence of cerium-doped, terbium-doped, and europium-doped YAG and the
N temporal decay of excited states of these materials can be understood by this latter model.
{ c The model one assumes for energy transfer is important for understanding the
. nature of the defects in YAG. We show that electrons localized at oxygen vacancies int he
X crystals are responsible for the defect luminescence in YAG and the observed energy
- transfer properties. Implications for garnet laser development are discussed.
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. « 1D J. Robbins, B. Cockayne, J.L. Glasper, and B. Lent, J. Electrochem. Soc. 126, 1213 (1979).
3 25 R. Rotman and C. Warde, J. Appl. Phys. 58, 522 (1985).
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